Introduction
Puberty is the biological process in which children undergo physical and sexual maturation with the ultimate attainment of adult body characteristics and reproductive capability. It includes primary sexual development (gonadal and genital growth and maturation), secondary sexual development (such as sexual hair development, female breast development, and male voice changes), accelerated height and weight growth and changes in the body composition. Crucially, these biological changes occur in the context of a complex process of psychosocial and cognitive maturation. As well as the hypothalamic-pituitary-gonadal axis, puberty involves a coordinated response from other hormonal systems including the growth hormone and adrenal axes.
The following terms are often encountered in the description of puberty and related processes:
• Thelarche -the onset of breast development in girls.
• Pubarche -the onset of sexual hair development in boys or girls.
• Menarche -the onset of the first menstrual period in girls.
• Gonadarche -the onset of mature gonadal function (sperm production in boys or ovulation in girls).
• Adrenarche -the onset of adrenal androgen production in boys or girls.
The Physiology of Puberty

Activation of the Hypothalamic-Pituitary-Gonadal Axis
The onset of puberty is activated through the central nervous system and requires pulsatile secretion of the hypothalamic hormone gonadotropin releasing hormone. GnRH secretion is controlled by the GnRH 'pulse generator' which has been localised to the arcuate nucleus. Pubertal activation of the GnRH pulse generator is through the effects of the neuropeptide kisspeptin and its G-protein coupled receptor. Other gene products and receptors involved include GnRH, GnRH receptor, FGFR1, leptin, and the leptin receptor.
With the onset of puberty, pulsatile GnRH secretion increases in frequency and amplitude, at first during the night. With progression through puberty, there is a relatively greater rise in luteinising hormone pulses and levels than follicle stimulating hormone levels in both sexes as a result of GnRH stimulation.
Sex steroid secretion rises progressively in puberty in association with the rise in gonadotropin secretion. In girls, LH secretion induces the production of androstenedione and testosterone in the ovarian theca cells and FSH induces the aromatase enzyme in follicular cells to produce oestradiol. Oestradiol induces breast development, changes in body shape and composition, a growth spurt, and then growth plate fusion through its effects on growth plates (epiphyses). In early puberty, oestradiol secretion is greatest at night, but subsequently increases during the daytime hours with menarche usually occurring after a year-long rise in daily oestradiol secretion. From late puberty, a series of negative and positive feedback loops that alter gonadotropin secretion are responsible for the mature reproductive cycle. This includes oocyte development, ovulation, and menses, which continues cyclically unless pregnancy occurs (Chapter 50).
In boys, pulsatile gonadotropin secretion induces testicular enlargement and function. LH stimulates the Leydig cells to produce testosterone and maintain spermatogenesis, while FSH stimulates the Sertoli cells and initiates and regulates spermatogenesis, although there is integration of these two systems at several levels. Testosterone (itself and through local tissue conversion to dihydrotestosterone) is the predominant hormone responsible for male virilisation, body composition changes and growth spurt. Oestradiol production (through aromatisation of testosterone and androstenedione) is still responsible for growth plate closure. The hormone Inhibin B progressively rises in boys also, indicating integrity of seminiferous tubule function.
Adrenarche
The word adrenarche describes the increase in the secretion of the relatively weak adrenal androgens (predominantly DHEA, DHEAS and androstenedione) that commonly precede the true onset of puberty. Adrenarche is frequently the cause of the first signs of secondary sex characteristics (in particular pubic hair, axillary hair, oiliness of skin, mild acne and apocrine body odour). Adrenal androgens continue to rise through late puberty. Premature adrenarche is a normal variant condition (Chapter 20). Adrenarche (premature or normal) merges into the processes of true central puberty as the gonads become the predominant source of androgens. The control of the onset of adrenal androgen production remains poorly understood although it is believed to be independent of and not required for gonadarche.
The Growth Hormone Axis
In addition to activation of the gonadal and adrenal axes, puberty involves a coordinated increase in the activity of the growth hormone axis. There is a 2-4 fold increase in GH secretion during puberty and this parallels the growth spurt and hence occurs earlier in girls than boys. The increase in GH secretion is mediated by sex steroids. Increased secretion of GH stimulates increased production of insulin-like growth factor-1, mainly from the liver. Serum IGF-1 levels peak markedly with puberty and parallel sexual development and growth velocity. Levels are also significantly influenced by nutrition, general health, and liver function (lower in under-nutrition and ill-health). IGF-1 production is also directly stimulated by sex steroids in some tissues, especially cartilage. Growth hormone as well has direct effects on some tissues that are not mediated via IGF-1. Thus, the growth axis, in coordination with sex steroids, acts through endocrine, autocrine, and paracrine mechanisms.
Leptin, a hormone secreted mainly by adipose tissue, also increases during puberty and is known to have a role in regulation of weight gain, initiation of puberty, sexual development and changes in body composition. Leptin levels are strongly correlated with body mass index; its role in the initiation of puberty is thought to be permissive rather than primary.
Timing of Puberty and Secular Trends
It has been estimated that 50%-80% of the timing of puberty is determined by genetic factors, although the specific genetic factors responsible are not well characterised. In a number of countries the age of menarche declined from approximately 15.5 years in the mid-19th century and plateaued at approximately 12.7 years in the mid-20th century, although there are suggestions that it has risen again slightly in recent years. Suggested recent trends in earlier onset of puberty and menarche are likely to be related to overweight, but in females only. It should be noted that all such data analyses are limited by methodological issues and that no adequate data exist to assess secular trends for boys. There is also evidence for chronic family stress being associated with earlier menarche. Several studies have shown that girls who are adopted internationally into Western countries have significantly early puberty and an increased incidence of precocious puberty, compared to those immigrating with their families. In boys, excess weight gain in childhood may have the opposite effect with a relatively later onset of puberty. Endocrine-disrupting chemicals have also been proposed as being associated with earlier puberty (for example phthalates, phytoestrogens and polychlorinated biphenyls) although evidence is limited. Ethnic differences are well recognised in the timing of puberty; for example African American girls have earlier pubertal onset than white American girls.
Physical Changes of Puberty
Although wide variations occur in the timing of onset and tempo of puberty, the sequence of pubertal events is usually fairly orderly and predictable in both males and females. The stages of progression of secondary sexual characteristics in males and females were first comprehensively described by Tanner. Tanner staging descriptions and charts exist for pubic hair in males and females, breast staging in females and genital staging in males ( Figs. 1 and 2 ). For the purposes of describing the timing and sequence of physical changes in puberty in the next sections, composite data are described from Tanner and other studies that reflect those widely used in clinical practice.
In addition to Tanner staging, there are other useful measures of pubertal progress. Measurement of testicular size in males is particularly useful to assess the onset and progression of puberty. This is best performed using an orchidometer. Stretched penile length can also be measured, if there is a concern, and compared to available standards, although this is not Fig. 1 : Genital and pubic hair staging in males (Tanner staging) . Normal data on pubertal timing in boys are relatively few, however the mean age of achieving a testicular volume of 4 ml is reported to be 11.5-12 years (normal range 9.5-13.5 years). While the tempo of puberty can vary considerably, the average time for the completion of genital development is three years (range 2-4.7 years), although growth of the testes to adult volumes occurs over 5-7 years. The average adult testis is an ellipsoid with a volume of 18 ml (range 12-30 ml) and mean adult penile length is approximately 13 cm (range 10.5-15.3 cm).
routine. In girls, ovarian ultrasound is a relatively simple and accurate measure of ovarian size when needed to evaluate gonadal development. Axillary hair is staged as (1) no hair, preadolescent; (2) scanty growth of slightly pigmented hair; or (3) hair, adult, in quantity and quality. Fig. 1 
Physical Changes in Boys (see
and Table 1)
The earliest sign of puberty in boys is generally defined as testicular enlargement to ≥3 ml volume, although achieving 4 ml or longitudinal axis measurement of 2.5 cm is used by others. Testicular enlargement is an indicator of pulsatile gonadotropin secretion. Most of the increase in volume (approximately 70%) relates to development of seminiferous tubules and Sertoli cells, with Leydig cells occupying only a small volume. Testicular enlargement usually precedes significant pubic hair or genital growth. Pubic hair is less reliable as a marker of onset of puberty, since this may 6 G. Ambler result from the normal (or early normal variant) physiological rise in adrenal androgen secretion (adrenarche) which may precede true puberty. Tanner described the typical succession of changes in genital and pubic hair staging in male puberty as shown in Fig. 1 . In the male breast, the areola enlarges and darkens in puberty. Transient pubertal gynaecomastia starting in early to mid puberty is reported to some degree in up to 75% of boys and usually regresses within two years (Chapter 20). Other changes of puberty continue into Fig. 2 and Table 2) The appearance of the breast bud (Tanner stage 2) is usually the first sign of female puberty, reported to occur at a mean age of 10.9 years (normal range 8.0-13.5 years). However, appearance of pubic hair may sometimes precede this, presumably of adrenal origin. Early breast changes can be asymmetrical and this may be a source of concern to girls and parents, but is a common normal variant. The changes in breast and pubic hair staging as described by Tanner are shown in Fig. 2 . During puberty, under pulsatile gonadotropin stimulation, the ovaries enlarge from an individual pre-pubertal volume of less than 1.5 ml to reach mean post-menarchal volumes of 8 ml (range 2.5-20 ml) when measured by ultrasound. The uterus also matures with the body of the uterus enlarging and endometrium forming in late puberty. The first menstrual period is reported to occur at a mean of 12.7 years, although there is wide variability. The time from onset of breast development to menarche in girls is variable, but averages approximately two years. The typical chronology of key events of pubertal development in girls is shown in Table 2 .
Physical Changes in Girls (see
Growth and Body Composition at Puberty
The pubertal growth spurt is a major physical change of puberty. Up until the commencement of puberty, there are minimal differences in height or weight between boys and girls. Girls commence puberty on an average two years earlier than boys and also achieve peak height velocity and final height approximately two years earlier. Peak growth velocity in girls occurs early in puberty (Stage 2-3), on average at 11.5 years (range 9.5-13.5 years), with a peak whole year height velocity averaging 8.2 cm/year (range 6.1-10.4 cm/year). In boys, peak growth velocity occurs in mid to late puberty (Stage 3-4, testicular volume 10-12 ml), on average at 13.5 years (range 11.5-15.2 years) with a peak averaging 9.6 cm/year (range 7.2-12.0 cm/year). This means that for a short period, girls are taller and heavier than boys, but on average by 13.5 years, boys are passing girls in height and weight (Fig. 3) . On average, boys gain 28 cm in puberty and girls 20 cm. The average mean difference between adult male and female height is approximately 13 cm. These are indicative data only and there is clearly population and ethnic variation.
Body composition in childhood varies minimally between the sexes. Female infants have slightly more body fat and less fat-free (lean) mass than males, but these become comparable in early and mid-childhood. By late childhood (10 years), girls again have slightly more fat mass and slightly less fat-free mass. Marked changes in body composition develop during puberty, with major sex differences. During puberty, males gain greater amounts of fat-free mass and skeletal mass, whereas females acquire significantly more fat mass. Total fat-free mass is stable by 15-16 years in females and 17-19 years in males, reflecting the time of final height attainment and the majority of bone mineral accretion. In early adulthood, males have an average of 20 kg greater fat-free mass than females and 5-6 kg more absolute fat mass. Body proportions and fat distribution change during the pubertal years as well, with males assuming a more android body shape and females assuming a more gynaecoid shape. Bone mass is acquired steadily in childhood and rapidly in adolescence, proportional to increases in fat-free mass. Pre-pubertal males have slightly greater total body bone mineral content and bone mineral density than prepubertal females. Approximately 25% of total adult bone mass is laid down in the two years spanning peak growth velocity in boys and girls. Bone mineral status correlates with pubertal staging and with sex steroid levels. By the end of puberty, 90% of peak bone mineral density has been achieved, with the remainder gained in the late teens and early twenties. Delayed puberty is associated with delayed acquisition of bone mass (Chapter 37).
Practical Clinical Assessment of Puberty
There is frequently a need to assess the progress of puberty in the context of concerns about the progress or timing of growth or puberty or in the evaluation of syndromes and chronic disease.
History
The history should include the timing of onset of any pubertal signs, any observations about growth pattern, parents' and siblings' heights, family history of timing of puberty and fertility, any exogenous hormone exposure, and history of any chronic disease symptoms (including neurological or visual symptoms and sense of smell). Information on pubertal timing is more accurate in mothers who recall the events of onset of breast development and particularly onset of menarche. There is no reliable event that is recalled to time male puberty; fathers tend to recall pubertal progression more vaguely and usually their strongest recollection is if they had delayed puberty or growth spurt. Age of first shaving regularly or of the voice breaking may be recalled.
Physical examination
Available growth data for the adolescent (and parents) should be plotted on the appropriate growth charts. The approach to further physical examination needs to be sensitive. The clinician should ensure as best possible that there has been an appropriate explanation to the young person with agreement and understanding of why puberty staging is needed in their medical care. The general examination and puberty staging is generally performed with parents or caregivers in the room, with the curtain drawn if that additional privacy is requested. Sometimes young people may request that their parents wait outside or request another chaperone.
For puberty staging, the standard Tanner staging system is used as described in the previous sections. Additionally in boys, testicular volume should be measured using an orchidometer or alternatively measuring the longitudinal axis of the testes. The left testis usually hangs lower than the right after puberty and the consistency of the testes should also be noted, since small testes which are unusually firm or soft are abnormal. A minor degree of asymmetry of the testes in boys is relatively common during normal puberty (with the right testis often being slightly larger). Also, in girls, breast development may start asymmetrically, but persistent major asymmetry is uncommon.
Other secondary sexual characteristics or signs of androgenisation (normal or abnormal) should be noted in both sexes. In males, assess for facial and body hair, acne, voice quality, musculature, body shape, and gynaecomastia. Similarly in females, assess for facial and body hair (which may indicate virilisation), acne and body shape. In both males and females, palpation of breast tissue assists in the assessment of the relative amounts of glandular tissue and adipose tissue, with glandular tissue having a firmer texture than adipose tissue.
Puberty staging can usually be performed quickly and easily in the context of a general examination. The usual practice is to talk to the young person through each step of any examination so that they feel comfortable and they know what is happening and with the aim of minimising any embarrassment or other concern. In situations where young people decline pubertal examination, self-staging can be performed by having the subject compare with Tanner charts, although this has limited reliability.
